Abstract Light alloys like aluminum and its alloys have excellent physical and mechanical properties for a number of applications. The use of aluminum alloys can significantly decrease the mass of automobiles without decreasing structural strength. Therefore, the reason of this work was to determine the optimal cooling rate values, to achieve good mechanical properties for protection of this aluminum cast alloy from losing their work stability, and to make it more resistant to action in hard working conditions. The carried out investigations have allow to found that changes in the cooling rate do not cause changes in the phase composition, revealing the Al 2 Cu and Al 5 FeSi phase especially, but only changes the morphology of a ? b eutectic as well as the particle size and secondary dendrite arm spacing. As a result, the number of fine crystals in per unit volume increases, leading to a fine grain structure, which influences the recalescence temperature. The purpose of this research work is to investigate the thermoderivative interdependencies occurred in analyzed aluminum cast alloys using Universal Metallurgical Simulator and Analyzer. For the investigation, the cast AlSi9Cu aluminum alloy was used. As a result of this research, the cooling rate influence on the structure and mechanical properties changes was investigated. The cooling rate was set in a variable range of 0.16-1.25°C s -1 , where the cooling rate of 0.16°C s -1 corresponds to freely cooling, without any forced air flow.
Introduction
Among the most commonly used cast aluminum alloys are the alloys with silicon, traditionally called silumins. These alloys due to its mechanical properties, excellent castability, and corrosion resistance are primarily used in engineering and automotive industry. Cast aluminum-silicon alloys were divided into hypo-eutectic with a Si concentration from 4 to 10 mass%, near eutectic with a Si concentration of 10-13 mass%, and hyper-eutectic with a Si concentration of 17 to 26 mass%. The addition of silicon that consists of alloying elements, which are as follows: Cu (0.5-5 mass%), Mg (0.2-1.5 mass%), Ni (0.6-3 mass%), and Mn (0.2-0.5 mass%). The two-component cast aluminum-silicon alloys used in industrial practice contain silicon in a concentration close to the eutectic (10-13 mass% Si). These alloys have optimum cast properties due to eutectic crystallization at a constant temperature, which affects the good castability of the molten metal and the formation of shrinkage during the casting process. In addition, they exhibit low shrinkage during the crystallization of the casts, of approximately 1.15 %, and thus insensitivity to tears and other cast defects. The disadvantage of this group of cast aluminum-silicon alloys is pure workability and lower than expected mechanical The present article is based on the lecture presented at CEEC-TAC2 conference in Vilnius-Lithuania on 27-30 August, 2013. properties of the hypo-eutectic alloys. In their structure, irregular eutectic plates with a few original silicon precipitates occur. Eutectic morphology can be changed by reducing the concentration of silicon and thermal or chemical modification [1] [2] [3] [4] [5] [6] [7] [8] [9] [20] [21] [22] [23] [24] . Paramount types of aluminum cast alloys with silicon are ternary alloys Al-Si-Cu. The cast aluminum-silicon alloys containing copper, silicon also reveal double eutectic a ? Al 2 Cu, a ? b, and a ? triple eutectic Al 2-Cu ? b. The Al 2 Cu intermetallic phase occurs at a concentration of from 0.2 to 1 mass% Cu. The maximum solubility of copper-4.8 mass% occurs in the eutectic temperature and decreases to zero at room temperature. The variable solubility of copper in aluminum allows the occurrence of precipitation hardening. Crystallization of ternary alloys, Al-Si-Cu, proceeds similar for binary alloys, after crystallization of the Al-Si eutectic and a ? b at a temperature of approximately 525°C begins to crystallize the triple eutectic a ? b ? Al 2 Cu. The addition of copper moves the eutectic point toward lower concentration of silicon [1] [2] [3] [4] [5] [6] [7] [8] [9] [20] [21] [22] [23] [24] . Copper and magnesium are incorporated into the Al-Si alloys to perform heat treatment of the casts and a precipitation hardening, thereby improving their mechanical properties. In the ternary alloys of Al-Si-Cu, magnesium concentration was found in the range from 1 to 5 mass%. Due to the silicon concentration ranging from 4 to 9 mass%, the alloys are hypo-eutectic alloy. A decrease in the silicon concentration in the ternary alloys of Al-Si-Mg and Al-Si-Cu extends the solidification temperature range while also affecting the deterioration of the casting, as it makes them a tendency to shrinkage porosity, hot cracking, and reduce castability [1] [2] [3] [4] [5] [6] [7] [8] [9] [20] [21] [22] [23] [24] . Copper and magnesium are added in order to improve their mechanical properties and fatigue after solution and artificial aging. The operation is carried out to impregnate and homogenize the structure of the solid solution enriched with magnesium, silicon, and copper and rebuild the structure formed by the silicon precipitates in the eutectic structure of the casts, because during annealing at a temperature of supersaturation, changes occur concerning the preferred b phase crystal morphology, which depends on their spheroidization. This makes it possible to obtain good plastic properties despite the increase in the casting due to the strengthening of the solid solution by a phase precipitation hardening. After solution, artificial aging at a temperature of 150-180°C for 4-8 h is carried out, during which a supersaturated of a solid solution take place to obtain the state of equilibrium by binding Cu and Mg atoms in the stable phases Mg 2 Si and Al 2 Cu.
Under real conditions, crystallization of aluminum alloys is slightly different from the data presented in the A l-Si Al-Si phase equilibrium diagram, which is a binary system with eutectic and limited solubility of the components in the solid state. The reason for this deviation is mainly a much faster crystallization of the melt than the corresponding crystallization according to the equilibrium conditions. This faster crystallization has the right to change the morphology of the structure of a ? b eutectic or a shift of characteristic points in the phase equilibrium diagram, due to pressure increase during the crystallization of the alloy [1] [2] [3] [4] [5] [6] . Knowing the crystallization itself is crucial because of changes in the structure depending on the solidification conditions and chemical composition, which determines the mechanical and functional properties, critical to choose the right substrate for further treatment.
Change of crystallization kinetic is caused by different cooling rates and influences the crystallization overcooling grade of the a solid solution and a ? b eutectic, these changes can be found in the microstructure as well as in different mechanical properties of the Al-Si-Cu aluminum cast alloys. Exact knowledge of the cooling rate influence of the sand casts on structure and temperature of the phase transformations, while non-equilibrium crystallization allows to perform an optimization of the production process. The above-mentioned premises makes it possible to state that the actually studying subject matter concerning crystallization kinetics of the Al-Si-Cu aluminum cast alloys can be considered as up to date not only because of the scientifically point of view, but also for the reason of practical application of the elaborated results [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
Crystallization of the liquid alloy occurs from the liquid state to the liquidus line, that is, to the beginning of the crystallization and then crystallization of the eutectics and intermetallic phases occurs to the point where the alloy is solid-the solidus line according to the equilibrium diagrams [1] [2] [3] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
For this reason on the crystallization, curie occurs some characteristic inflection points coming from exothermic or endothermic reactions of the crystallizing phase transformations. It is hard to determine unequivocally the crystallization temperature of the phases occurred on the crystallization curve. The determination is possible using the first derivative curve of the cooling line in function of time that mines using the differential ATD curve also called derivative curve.
The general equation, describing (Table 1) the crystallization function as a derivative of the crystallization, is given as (1):
where c p -heat capacity, m-mass of the crystallized metal, T-temperature at time dt, T 0 -environment temperature, A-sampler surface, K K -crystallization constant, and z-nucleus number. This investigation can have practical implications, for example, in the metal casting industry, for improvement of component quality that depends mainly on better control over the production parameters. This original work also provides a better understanding of the thermal characteristics and processes occurred in the near-eutectic AlSi9Cu alloy. The achieved results can be used for liquid metal processing in science and industry and obtaining of a required alloy microstructure and properties influenced by proper production conditions.
Experimental
The investigations have been carried out on test pieces of aluminum alloy (Table 1) .
For performing the thermal analysis and solidification process, the UMSA (Figs. 1, 2 ) device was used with lowdensity ceramic crucibles for improving the thermal inertia of the system. The performance of the expression thermal analysis requires a subsequent remelting, heating, and cooling of the sample with an appropriate cooling rate.
The cooling rate was calculated based on the following relationship:
where T ND -nucleation temperature of the a phase dendrites, T Sol -solidus temperature, and Dt-crystallization time.
Samples of circular shape with a mass of 135 g were induction-heated to a temperature of 750 ± 3°C in graphite crucibles using the inductor ( Fig. 1 ) powered by the generator (Fig. 2) . For ensuring an appropriate cooling rate, the samples were cooled by compressed air through the nozzles placed in the inductor (Figs. 1, 2) .
The intensity of the cooling airflow was controlled experimentally using the rotameter. Adequate air flow rates were determined experimentally and applied for the entire experiment. The cooling rate was set experimentally to low = 0.16°C s -1 and high = 1.25°C s -1 . For temperature measurement, a chromel-alumel thermocouple was applied, placed in a thermal node (determined experimentally) in the middle of the sample.
The test was repeated eight times for each cooling rate for ensuring a statistical evaluation of the obtained test results. After the registration of the cooling curve T = f(t), the data were further proceeded, e.g., differential calculations and approximation for the reason to determine the differential curve. For this operation, the software OriginLab Pro 8.0 as well as the installed differential-approximate filters was used, where the approximation SavitzkyGolay filter was used. Analysis of crystallization kinetics of cast aluminum-silicon alloy 65
The measurement and registration of the temperature changes in the sample T = f(t) and the cooling rate of the crystallization:
were performed in steps dt = 0.2 s using a built-in analog-digital converter in the USMA device. After the registration of the cooling curve T = f(t), the obtained data were further calculated, i.e., using differentiation and estimation for the reason of a determination of the differential curve. During the expression thermal analysis, points describing thermal processes occurring during crystallization of the alloy were determined, which have high importance for defining specific temperature and time values of the obtained expression thermal analysis curves.
For statement of the interdependence between the chemical composition and the microstructure of the AlSi9Cu aluminum cast alloy, cooled with different cooling speed, following investigations were made:
• structural studies using light microscopy MEF4A
supplied by Leica together with the image analysis software, as well as structural and chemical analysis using a high-resolution scanning electron microscope ZEISS SUPRA 35 equipped with an electron gun and column of the type FEG GEMINI, detector of the inlens type for secondary electron detections, as well as backscattered electrons detector system EDAX XM4 TRIDENT consisting of energy-dispersive spectrometer, EDS (energy-dispersive X-ray spectrometer), dedicated software, ICDD database (the International Centre for Diffraction Data); diffraction investigations and the thin foil structure investigations were performed on an transmission electron microscope JEM 3010UHR from the JEOL company with an accelerating voltage of 300 kV. The samples for optical microscope studies were etched using 0.5-2 mL hydrofluoric acid in 100 mL distilled water, • for the reason to perform the analysis of the phase composition, the X-ray diffraction qualitative analysis of the investigated materials was performed using the XPert diffractometer supplied by Philips, by a steep recording with a steep of 0.05°and count time of 5-10 s, using filtering of the X-ray radiation Ka1, with a wavelength of k = 1.54056 nm coming from a lamp with copper anode, • expression thermal analysis using the UMSA thermosimulator (Figs. 1, 2), • hardness was measured using the Rockwell hardness tester supplied by Zwick ZHR 4150.
Investigation results

Expression thermal analysis
During the expression thermal analysis, points describing the thermal processes occurring during crystallization of the alloy were determined, which have obtained precise signification, defining the value of the temperature and time of the thermo-derivative curves. Representative thermo-derivative curves together with selected points describe the thermal processes taking place during the crystallization, which is shown in Figs. 3, 4. Characteristic points: I, II, III, IV, V, VI, VII, VIII, which, when projected onto a cooling curve, and then the temperature axis allows to determine the temperature of phase transformation occurring during crystallization. Points describing the thermal processes taking place during the crystallization were determined using a geometric structure developed by Schultze [19] . The characteristic point of the thermal changes occurred during the crystallization process defined as the point of intersection of the tangent at the inflection point of the curve with the base curve, or as a point obtained by extrapolation of the straight sections in the expression thermal analysis (Figs. 3, 4; Table 2 ). On the basis of the thermal analysis of the derivative curve, and designated as characteristic points, it was found that at the T DN temperature, the nucleation process of the a phase dendrites begins, as the matrix phase, within which the next phase will be the next to crystallize. It is presented in the derivative curve as a slight inflection in point I and a temporary decrease in the cooling rate of the melt (point II). Thermal effects associated with the nucleation process provide additional heat to the remaining liquid. However, the cooling heat balance is negative. The heat supplied by the nuclei of the a phase is disproportionately smaller than the heat transferred to the environment by the cooling metal and causes only inhibition of the cooling rate of the remaining liquid. This process continues until reaching the minimum crystallization temperature of the dendritic aphase T dmin , wherein the nuclei are formed reaching the critical value, and where the process of crystal growth of a phase dendrites starts (section III).
A differential curve at this point is set to zero. The heat of crystallization of the remaining liquid is heated to the temperature T DKP , wherein the formed and freely growing a phase dendritic crystals begin contact with each other inside some of the closing surfaces of the remaining liquid. A further crystal growth causes a temperature to increase to the maximum value of the crystallization temperature of aphase, T G (point IV). The chemical composition of the residual liquid varies according to the liquidus line on the Al-Si diagram. The liquid is enriched with silicon, and after a temperature T E(Al?Si)N , nucleation of a ? b eutectic (point V) occurs. Upon further cooling of the remaining liquid, it is overcooled by the valued describe with the term DT E = T E(Al?Si)-TE(Al?Si)min and then begins the growing of the eutectic a ? b (point VI). The temperature is raised to the maximum crystallization temperature of the eutectic T E(Al?Si)G (point VII), in which a persistent spontaneous precipitation of the a-and b-phases occurs. Further cooling the melt causes crystallization of the phase rich in copper, iron, and magnesium that produce additional crystallization heat, which is visible on the differential as apparent thermal effects (point VIII).
Based on the results of the analysis of the cooling rate of the investigated alloys, it is clear that the temperature does not significantly influence the value of a phase nucleation temperature. Increasing the cooling rate from 0.16 to 1.25°C s -1 will reach the nucleation temperature of the a phase according to the line of the liquidus of the AlSi9Cu phase equal to 578°C. As a result of measurement of the minimum and maximum crystallization temperature of the a phase, it was found that, in both studied cases, the Analysis of crystallization kinetics of cast aluminum-silicon alloy 67 temperature decreases with increasing copper concentration. For the investigated alloys, where the concentration of copper is 1 mass%, it was found that there was a reduction in the minimum crystallization temperature of 476-468°C. To generalize, it can be concluded that the increase in the cooling rate for the investigated alloys does not increase the temperature of the a phase dendrites nucleation; however, the nucleation temperature of the eutectic a ? b significantly decreases the solidus temperature. The presented characteristic points describing the thermal processes occurring during crystallization of the investigated alloys using the differential calculations determine the:
• local extreme points of the function (3)-point III;
place of where the function achieves the value zero points: II, IV, V and characteristic changes of the function (3) shape points: I, III, VI, VII, VIII.
Structural analysis
As a result of the carried out investigations concerning the elements distribution using quantitative X-ray microanalysis, by appliance of EDS spectrometer, the presence of the main alloying elements Al, Si, Cu, Mg, and Fe as compounds of the cast AlSi9Cu aluminum alloy cooled with the assumed in the experiment cooling rates was confirmed (Figs. 5, 6 ), providing information about the mass and atomic concentration of each element in the tested places and microareas of the matrix and precipitates. Microstructural observations performed using scanning electron microscopy and quantitative EDS microanalysis, which confirms the presence of the a ? b eutectic in the investigated alloys and suggest that triple eutectic like a ? Al 2 Cu ? b also occurs (Fig. 5) . Moreover, in the investigated alloys, multieutectics were also observed, 
I
T DN nucleation temperature. The point at which starts the nucleation of the dendrites a phase in the investigated aluminum alloys. This point is determined by the intersection of the tangent to the straight stretch of the crystallization curve to the base curve 560 561 II T dmin temperature of the begin of the crystal growth (dendrites of the a phase). Point at which the formed nuclei reach a critical value and a dendritic a phase crystal growth occurs. At this point, the first derivative of the cooling curve reaches a value zero. From this time, occurs an increase in the latent heat of the crystallization process of the dendritic a phase 557 560 III T DKP the point at which in a phase dendrites the liquid melt become a coherent. In this point, the second derivative of the cooling curve reaches a value of zero. A method of determining the point of a phase dendrite coherence is detailed described in works [2, 3, 20] 561 562 IV T G temperature of the end of the crystal growth (a phase dendrites). The point at which occurs a stable growth of the dendritic a phase. At this point, the derivative of the cooling curve and reaches zero similarly as at the point where occurs an increase in the latent crystallization heat. In this point, the crystallization of the Al 5 FeSi phase occurs [25, 26] (Figs. 6-10) . It was state, as a result of thin foil investigation on transmission electron microscope, that the structure of the investigated alloys cooled with the applied cooling rates during the tests is mainly composed of Al 2 Cu (Fig. 7) phase precipitations, with a morphology depending on chemical composition, as well on the cooling rate value. As a result of thin foil investigation on the transmission electron microscopy was confirmed the presence of the b-Si phase in the structure of cast AlSi9Cu aluminum alloys cooled with the cooling rates used in this experiment, these precipitates are distributed in the matrix, in form of large agglomerates of a lamellar or fibrous eutectic particles forming the a ? b grains (Figs. 7, 8) . Moreover, the investigations of thin foils reveal the presence of non-uniformly distributed precipitates of the Al 5 SiFe phase (Fig. 9) , forming spherical conglomerates of fine precipitates having an average diameter of *15 lm. Precipitations of this phase are likely a compound and structural component of the ternary eutectic crystallizing in the final stage of the crystallization process.
In Fig. 11 are presented the X-ray diffractions of the investigated alloy, cooled with the assumed cooling rates. Using X-ray qualitative and quantitative diffraction methods, it was found that in the studied materials, the a-Al as the alloy matrix, b-Si phases as well as the Al 2 Cu phase are present. Using the X-ray diffraction method, it was not possible to detect the other precipitates, which can indicate that the proportion of these phases in the investigated alloys is below the detection level of this method and is less than 3 %. As a result of phase and chemical composition investigations of the cast AlSi9Cu aluminum alloy, differences concerning phase composition of the investigated alloys caused by different cooling rates applied to the cooled samples were not detected. Changes in the cooling rate influence the morphology of the occurring phases in the investigated alloys, especially the morphology change of the b phase.
Based on the performed investigations concerning the phase and chemical composition, as well as the literature data and presented data on the phase equilibrium diagrams, the following phase crystallization sequence of the cast AlSi9Cu aluminum alloy was determined [1] [2] [3] [4] [5] :
Metallographic investigation results performed on light microscope (Fig. 12) indicate that the AlSi9Cu cast aluminum alloys have a matrix structure consisting of the a solid solution and a discontinuous b-Si phase in form of grains forming the a ? b eutectic. The investigated alloys are characterized by the presence of b-Si phase in form of large irregular plates with sharp corners placed in the matrix in a disordered manner, as well as with a large interfacial distance (Fig. 12) . Increase in the cooling rate causes a homogenization of the structure of the investigated alloys, reduction in the interfacial distance of the a ? b eutectic, and transition of a lamellar structure into needle or fiber shaped. Moreover, the structure of the investigated alloys is characterized by needle-shaped (Fig. 13a) , characteristic Chinese-like characters particles (Fig. 12) of the Al 5 FeSi phase that are generally formed near the a ? Al 2 Cu ? Mg 2 Si ? b eutectics (Fig. 13b) . In the investigated cast AlSi9Cu aluminum alloy, the Al 2 Cu phase is present as a component of the triple eutectic as well as a separate colored in brown precipitation of irregular shape (Fig. 13b) .
Analyzing the effect of cooling rate on the grain size, it was found that for each investigated sample, the cooling rate increase causes grain refinement and change of the secondary dendrite arm spacing. The increase in cooling rate from 0.16 to 1.25°C s -1 for the investigated alloy causes more than twice a decrease in the grain size (Tables 3, 4) . As the investigations reveal, the cooling rate has a crucial influence on the secondary dendrite arm spacing. This distance for the investigated alloy cooled with a rate of 0.16°C s -1 is equal 79.05 lm. The increase in cooling rate to 1.25°C s -1 results in a rise of the dendrite arms spacing more than three times to a value of 23.26 microns (Tables 3, 4) . Generally, it can be found that the increase in the cooling rate for the investigated alloys does not raise the nucleation temperature of a phase dendrites, as well as the nucleation temperature of eutectic a ? b, however, significantly affect the solidus temperature reduction.
Mechanical properties such as hardness of magnesium alloys are strongly dependent on the grain size, which is, on the other hand, shown above, dependent on the cooling rate. As a result of structure changes of the investigated alloys due to changes in cooling conditions, the mechanical properties of these alloys increase. Change in the cooling rate in the range of 0.16 to 1.25°C s -1 causes an increase in hardness from 69 to 95 HRF.
Conclusions
Application of the UMSA platform (Universal Metallurgical Simulator and Analyzer) allows it to determine the liquidus/solidus points of the solidified alloy directly from the cooling curve, after some calculations. Also, the points, where a phase or eutectic crystallization occurs, could be determined using this method.
In general, analyzing the effect of cooling rate influence on the grain size, it was found that for each investigated sample, the cooling rate increase causes grain refinement and change of the secondary dendrite arm spacing. The investigations reveal that the cooling rate has a crucial influence on the secondary dendrite arm spacing, as well as for the grain size. For example, the cooling rate increases from 0.16 to 1.25°C s -1 two and half times a decrease in the grain size. The increase in cooling rate to 1.25°C s -1 also results in a rise of the dendrite arm spacing more than three times to 23.26 microns. Changes in grains size caused an increase in the cooling rate causes by increasing the hardness of studied aluminum alloy.
The cooling rate of 0.16°C s -1 was chosen, because it is the measured rate of cooling, which corresponds to freely cooling of the investigated amount of material in one sample, whereas the cooling rate of 1.25°C s -1 was chosen as the maximum measurable one. Of course, in industrial processes, even higher or much higher cooling rates occur, but the presented data are obtained based on laboratory arrangement of this experiment.
The investigations performed on the cast AlSi9Cu aluminum alloy, using the metallurgical UMSA simulator with a recording equipment, allowed it to investigate the interdependencies occurred between phase morphology and cooling rate using expression thermal analysis. So the performed investigations allow to determine also the microstructure changes in a very accurate way. In general, the increase in the cooling rate causes a homogenization of the entire structure of the investigated cast AlSi9Cu aluminum alloy, reduction in the interfacial distance of the a ? b eutectic, and transition of a lamellar structure into a fiber like. In the structure of the investigated alloys, the needle-like Al 5 FeSi phase precipitates that are generally formed near the a ? Al 2 Cu ? Mg 2 Si ? b eutectics are found. In the investigated cast AlSi9Cu aluminum alloy also the Al 2 Cu phase is present in the triple eutectic. 
